Introduction
============

Semantic memory refers to the general knowledge of objects, people, facts and word meanings ([@awaa057-B67]; [@awaa057-B71]; [@awaa057-B60]; [@awaa057-B49]), which partly supports a wide range of other cognitive processes (e.g. language comprehension and object recognition). The representation of semantic memory in the human brain has been widely explored ([@awaa057-B55]; [@awaa057-B9]; [@awaa057-B43]). To date, empirical findings tend to support the hub-and-spoke theory of semantic representation ([@awaa057-B55]; [@awaa057-B62]; [@awaa057-B58]). This theory posits that a semantic concept (e.g. cat) consists of knowledge of various sensorimotor attributes (e.g. form, colour, motion, sound, function). The knowledge is stored in the brain regions responsible for processing these modality attributes (i.e. modality-specific regions; [@awaa057-B48]). Moreover, information from different modalities is further bound together to form an amodal semantic concept in a semantic hub ([@awaa057-B45]). Thus, one would expect that damage to the semantic hub region leads to general semantic processing deficits regardless of modalities, whereas damage to the modality-specific cortical regions would cause deficits in the corresponding modality processing ([@awaa057-B55]).

Recent studies on brain-damaged patients, especially those with semantic dementia, have provided converging evidence for the hub-and-spoke semantic representation theory ([@awaa057-B55]; [@awaa057-B52]; [@awaa057-B34]; [@awaa057-B43]). Semantic dementia is an ideal lesion model to reveal the organizational principle of the semantic system. This disease is characterized by a core symptom of selective and degenerative semantic impairments with relative sparing of other cognitive abilities (e.g. speech production, episodic memory and executive function) ([@awaa057-B71]; [@awaa057-B63]; [@awaa057-B50]) due to their relatively focal brain grey matter atrophy and white matter pathology ([@awaa057-B3]; [@awaa057-B6]). Patients with semantic dementia show general semantic deficits in every sensorimotor and verbal modality, including words ([@awaa057-B40]), sounds ([@awaa057-B29]), smells ([@awaa057-B47]) and motor knowledge ([@awaa057-B46]). This indicates that patients with semantic dementia exhibit amodal semantic disruption, thus providing evidence for the existence of a semantic hub. Other studies have further observed that patients with semantic dementia also display a disproportional loss of knowledge for some given modalities. [@awaa057-B37], for example, observed that the patients had an advantage for naming objects with rich sound/motion and tactile/action information but not for objects with rich colour/shape information. Indeed, the richness of colour/shape knowledge even had an increasingly negative impact in the later stages of the disorder. These findings demonstrate that, in addition to amodal semantic disruption, patients with semantic dementia also exhibit modality-specific semantic (e.g. colour/shape) impairments.

Given that the semantic system is organized as a neural network in which a hub is connected with sensorimotor modality regions, two relevant questions for this theory are raised: where the hub region is and how the hub connects with the modality-specific semantic regions. Regarding the first question, although converging evidence has shown that the hub region lies within the anterior temporal lobe (ATL) ([@awaa057-B55]; [@awaa057-B42]; [@awaa057-B59], [@awaa057-B57]), it remains controversial which area is the hub region because the ATL includes several areas \[e.g. temporal pole, fusiform gyrus (FFG), superior temporal gyrus, middle temporal gyrus and inferior temporal gyrus\]. Some studies have supported that the hub is localized in the temporal pole, which is the most severe atrophic region in semantic dementia individuals. The relevant evidence has been mainly derived from the fact that the atrophic degree of the temporal pole in semantic dementia or temporary dysfunction of this region in healthy subjects was significantly associated with multimodal semantic deficits ([@awaa057-B56]; [@awaa057-B15]; [@awaa057-B44]). However, others have positioned the hub in other regions of the ATL ([@awaa057-B10]; [@awaa057-B52]; [@awaa057-B58]; [@awaa057-B23]). For instance, [@awaa057-B52] conducted a whole-brain regression analysis, and revealed that the semantic impairments of patients with semantic dementia were best predicted by hypometabolism in the FFG. To our knowledge, previous studies have identified the hub region mainly by investigating the effects of individual regions in isolation, without considering the contribution of modality-specific regions to the hub. As the semantic hub works in the form of a network, it is optimal to identify the hub from a network connectivity perspective ([@awaa057-B27]; [@awaa057-B2]). Regarding the second question, the literature has revealed some semantic-associated white matter bundles in patients with semantic dementia (e.g. the inferior longitudinal fasciculus and the arcuate fasciculus) ([@awaa057-B5]). However, it is unclear whether these tracts are linked between the semantic hub and modality-specific regions.

The present study adopted a data-driven approach to identify the semantic hub and its white matter connectivity with modality-specific regions in the brain network based on 33 patients with semantic dementia. First, to identify the hub region, we correlated the general semantic performance with the nodal degree of the regions in the whole-brain white matter network in the patients. Then, to explore the connectivity from the hub to modality-specific regions, we correlated the general and modality-specific semantic performance with the integrity metrics of each white matter tract connected with the hub region. Finally, the results were further verified by statistically removing the effects of potential confounding variables (e.g. total grey matter volume, grey matter volume of regions of interest, and performance on non-semantic control tasks).

Materials and methods
---------------------

### Participants

Patients with semantic dementia and healthy control subjects took part in the current study. The cohort was identical to that of our recent study ([@awaa057-B16]). All participants were right-handed, native Chinese speakers and provided written informed consent. This study was approved by the Institutional Review Board of the Huashan Hospital affiliated with Fudan University.

### Patients with semantic dementia

Thirty-three patients with semantic dementia (15 males; age: 62.27 ± 7.49 years; educational level: 11.73 ± 3.01 years) were recruited from the neurology department of Huashan Hospital in Shanghai, China from 2011 to 2018. They had normal or corrected-to-normal hearing and vision, and no history of alcoholism, head trauma, psychiatric or other neurological illness. The neuropsychological performance and predominant ATL atrophy of each patient met the diagnostic criteria for semantic dementia ([@awaa057-B31]; see details in the [Supplementary material](#sup1){ref-type="supplementary-material"}). Sixteen of the patients showed left-lateralized atrophy and 17 showed right-lateralized atrophy ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}). The Chinese version of the Mini-Mental State Examination (MMSE; [@awaa057-B26]) was used to evaluate the general cognitive state of the patients (21.91 ± 4.01).

### Healthy control subjects

Twenty healthy control subjects (eight males; age: 60.50 ± 3.95 years; educational level: 10.45 ± 2.89 years) were recruited from the local community through advertisements. They also had normal or corrected-to-normal hearing and vision, and no history of alcoholism, head trauma, psychiatric or neurological illness. The MMSE scores were 28.10 ± 1.37.

The patients and healthy controls were comparable in age, gender distribution and educational years (*P*-values \> 0.05), while the patients had lower MMSE scores than healthy controls (*t* = −8.12, *P \< *0.001).

### Behavioural data collection

We designed six general semantic tasks and six modality-specific semantic tasks ([Table 1](#awaa057-T1){ref-type="table"}). The former tasks (oral picture naming, oral sound naming, picture associative matching, word associative matching, word-picture verification, and naming to definition) examined the general aspect of semantic knowledge with various modalities of input and output. The latter tasks assessed subjects' semantic knowledge on six sensorimotor modalities of objects (i.e. form, colour, motion, sound, manipulation and function). Each modality task consisted of a verbal subtask and a non-verbal subtask. We also included three non-semantic control tasks (visual perception, sound perception and number proximity matching), which involved no or minimal semantic processing. The procedures of these tasks are explained in detail in the [Supplementary material](#sup1){ref-type="supplementary-material"}.

###### 

Behavioural performance of the participants

  Tasks                                 Raw accuracy: mean (SD)   Corrected *t*-scores (SD) of patients   
  ------------------------------------- ------------------------- --------------------------------------- ---------------
  **General semantic task**                                                                               
  Oral picture naming                   90% (5%)                  32% (19%)                               −9.69 (3.31)
  Oral sound naming                     75% (12%)                 23% (14%)                               −3.85 (1.33)
  Picture associative matching          95% (3%)                  73% (10%)                               −5.32 (2.36)
  Word associative matching             96% (2%)                  75% (12%)                               −15.15 (9.11)
  Word-picture verification             96% (3%)                  61% (22%)                               −11.39 (7.52)
  Naming to definition                  83% (8%)                  24% (18%)                               −9.52 (2.94)
  **Modality-specific semantic task**                                                                     
  Verbal task                                                                                             
   Form matching                        93% (4%)                  74% (13%)                               −4.53 (3.05)
   Colour matching                      95% (4%)                  68% (13%)                               −5.09 (2.39)
   Motion matching                      92% (5%)                  66% (13%)                               −3.76 (2.62)
   Sound matching                       82% (8%)                  67% (8%)                                −1.56 (0.76)
   Manipulation matching                92% (5%)                  69% (16%)                               −5.68 (2.69)
   Function matching                    98% (2%)                  79% (12%)                               −11.31 (7.13)
  Non-verbal task                                                                                         
   Form verification                    81% (7%)                  51% (15%)                               −4.20 (2.05)
   Colour verification                  71% (10%)                 38% (15%)                               −2.76 (1.30)
   Motion verification                  57% (13%)                 34% (16%)                               −0.46 (1.41)
   Sound verification                   78% (9%)                  35% (15%)                               −3.87 (1.38)
   Manipulation matching                76% (9%)                  72% (16%)                               −1.66 (1.24)
   Function matching                    91% (6%)                  76% (10%)                               −2.16 (1.47)
  **Non-semantic control task**                                                                           
  Visual perception                     91% (5%)                  92% (6%)                                −0.96 (1.02)
  Sound perception                      88% (10%)                 76% (13%)                               0.13 (0.86)
  Number proximity matching             93% (14%)                 92% (6%)                                −0.23 (1.43)

Behavioural data preprocessing
------------------------------

Because patients showed considerable variation in demographic properties (e.g. age, gender and education), their raw scores from the behavioural tasks might not meaningfully reflect the degree of deficit. To obtain an index that could more precisely measure the deficits, we used the single case-to-controls method proposed by [@awaa057-B20]: the patients' raw behavioural scores were corrected by considering the performance and demographic information of the 20 healthy subjects and transformed into standardized *t*-scores (for a detailed description of this method, see [@awaa057-B35]).

To determine the general semantic ability of the patients, a principal component analysis (PCA) was conducted based on the six general semantic tasks and three control tasks. Specifically, the patients' *t*-scores on these nine tasks were entered into a PCA of SPSS 20.0. The semantic PCA factor was defined as a component that had a high loading weight on the tasks in which semantic processing was highly relevant, i.e. the six general semantic tasks. The scores corresponding to this factor were considered to reflect the general semantic processing of the patients with semantic dementia.

Imaging data collection
-----------------------

All participants were scanned on a 3 T Siemens scanner at Huashan Hospital. 3D T~1~-weighted images and diffusion-weighted images were collected. T~1~ images were obtained with a magnetization prepared rapid gradient echo (MPRAGE) sequence along the sagittal plane with the parameters: repetition time = 2300 ms, echo time = 2.98 ms, flip angle = 9°, matrix size = 240 × 256, field of view = 240 × 256 mm^2^, slice number = 192 slices, slice thickness = 1 mm, voxel size = 1 × 1 × 1 mm^3^. The sequence for diffusion-weighted images was scanned twice in the transverse plane with the parameters: 20 diffusion weighting directions with *b *=* *1000 s/mm^2^, one additional image without diffusion weighting (i.e. *b *=* *0 image), repetition time = 8500 ms, echo time = 87 ms, flip angle = 90°, matrix size = 128 × 128, field of view = 230 × 230 mm^2^, slice number = 46 slices, slice thickness = 3 mm, voxel size = 1.8 × 1.8 × 3 mm^3^.

Imaging data preprocessing
--------------------------

### T~1~ imaging data

T~1~ images were first segmented into grey matter, white matter and CSF with a 1.5 × 1.5 × 1.5 mm^3^ resolution using the voxel-based morphometry (VBM8) toolbox in SPM8 (<https://www.fil.ion.ucl.ac.uk/spm/software/spm8/>). The output images were then normalized into Montreal Neurological Institute (MNI) space using the Diffeomorphic Anatomical Registration Through Exponentiated Lie algebra (DARTEL) registration method ([@awaa057-B7]). The grey matter images were further modulated and smoothed with an 8-mm full-width at half-maximum Gaussian kernel to obtain the grey matter volume images. To illustrate the brain atrophy of the patients, an independent-sample *t*-test was performed to compare the grey matter volume of each voxel in the whole brain between semantic dementia patients and healthy controls with a threshold of false discovery rate (FDR) corrected *q *\<* *0.01.

### Diffusion-weighted imaging data

The diffusion-weighted imaging data of each participant were preprocessed using a pipeline tool for analysing brain diffusion images (PANDA; [@awaa057-B21]) with the following steps: (i) Estimating the brain mask. Brain mask was estimated by removing the skull from the *b *=* *0 image. To achieve this, PANDA used the *bet* command of FMRIB Software Library (FSL); (ii) Correcting for the eddy-current effect. Eddy-current induced distortion of diffusion-weighted images, as well as simple head motion, was corrected by registering the diffusion-weighted images to the *b *=* *0 image with an affine transformation using the *eddy_correct* command of FSL. The gradient direction of each diffusion-weighted image was then reoriented according to the resultant affine transformations; (iii) Calculating diffusion tensor metrics. The diffusion tensor models were built and individual fractional anisotropy, mean diffusivity, axial diffusivity and radial diffusivity maps were obtained. To do this, the *dtifit* command of FSL was applied; and (iv) Normalizing. Finally, individual images were registered to the MNI space for comparisons across subjects. Here, PANDA first registered individual fractional anisotropy images of the native space to a standard fractional anisotropy template (FMRIB58_FA 1 mm in FSL) and then applied the resultant warping transformation to write the images of all diffusion metrics (i.e. fractional anisotropy, and mean, axial and radial diffusivity) into the MNI space (2 × 2 × 2 mm^3^). The *fnirt* and the *applywarp* commands of FSL were used.

Brain network construction
--------------------------

We adopted a previous approach ([@awaa057-B30]) to reconstruct the whole-brain white matter network in healthy subjects, and then extracted the integrity value of each tract in patients.

### Defining grey matter nodes in healthy control subjects

We applied the automated anatomical labelling (AAL) atlas ([@awaa057-B68]) to define the grey matter nodes in the white matter network. Specifically, we first parcelled out the entire cerebral cortex into 90 cortical and subcortical regions, each representing a node of the network. Then, each region was dilated (thickened) by three voxels (voxel size = 2 × 2 × 2 mm^3^) using the 'fslmaths' tool in FSL. The dilation of two regions stopped once their borders touched so that different regions did not have overlapping voxels. For each healthy subject, the 90 dilated nodes in the MNI space were transformed to the native diffusion space using PANDA. To do this, the T~1~ image of each individual was first coregistered to the fractional anisotropy image in the diffusion tensor imaging (DTI) space using a linear transformation. Then, the transformed T~1~ image was normalized to the ICBM152 template in the MNI space using a non-linear transformation. Finally, the AAL mask from the MNI space was warped to the DTI native space using the resulting inverse transformation. Note that the T~1~ image was used because it provided more precise information about the cerebral gyri and sulci. This information was critical for registering the borders of grey matter subregions.

### Tracing white matter tracts in healthy control subjects

Deterministic tractography was performed in the native diffusion space for each healthy subject using the fibre assignment by continuous tracking (FACT) algorithm ([@awaa057-B54]). Specifically, fibre tracking was terminated when the angle between two consecutive orientations was \>45° or when the fractional anisotropy value was \<0.20. Given that the outcome of tractography is affected by the initial position of the seed points within the voxel ([@awaa057-B17]), 100 seeds were randomly selected within each voxel to avoid biases from initial seed positioning. The tracts for every two AAL regions were filtered out if one end point terminated within one region, and the other end point terminated within the other region. In this case, 4005 regional pairs were tested. For each node pair, the filtered-out tract was binarized and then transformed to MNI space. The binary maps of all the healthy subjects in the MNI space were then overlaid to generate a count map. The value of each voxel represented the number of subjects who had fibres on it. Finally, to determine whether a node pair was anatomically connected, we used a group-level threshold of voxel value \>25% of subjects (i.e. five subjects) and cluster size \>300 voxels (2400 mm^3^). This threshold has been adopted by other studies (e.g. [@awaa057-B25]). The analysis was performed for all node pairs (4005 potential tracts), and only 457 tracts passed the threshold. The sparsity of the resultant network (11.41%) was similar to that reported in the literature ([@awaa057-B1]; [@awaa057-B30]; [@awaa057-B36]). Note that the sparsity was a common graph-theoretical index used to describe the density of edges in a network ([@awaa057-B1]).

### Extracting the integrity values of the tracts in patients

We masked each tract obtained in the above analysis and extracted the mean fractional anisotropy, and mean, axial and radial diffusivity values of voxels within the tract for each patient with semantic dementia.

Identifying the semantic hub in patients
----------------------------------------

In the white matter network, we first computed the nodal degree value of each of the 90 regions for each diffusion metric (fractional anisotropy, and mean, axial and radial diffusivity) of each patient. The degree value was obtained by summing the diffusion metric values of all white matter tracts connecting with the node in the whole-brain network. Then, we correlated the general semantic scores (i.e. the semantic PCA scores) with the nodal degree values of each region across 33 patients with semantic dementia (Bonferroni corrected *P \< *0.005). Three demographic variables (age, gender and education level) were included as covariates. The region showing significant correlational effects for at least one DTI measure was considered the semantic hub region.

To examine whether the observed effects of the semantic hub might be driven by other confounding factors, we again correlated the semantic PCA scores with the nodal degree of the hub region across the patients while controlling for the effects of other potential variables: (i) total grey matter volume (measured by the total grey matter volume of all grey matter voxels in the whole brain); (ii) grey matter volume of the hub region (measured by the grey matter volume of grey matter voxels in the semantic hub); and (iii) performance on the non-semantic control tasks (the corrected *t*-scores of the visual perception, sound perception and number proximity matching tasks).

Note that a region with more white matter connections would have a higher DTI metric-based degree value. However, the number of connections for a given region was identical across patients; therefore, the connection number was not treated as an additional covariate in the nodal degree-behaviour correlational analyses.

Identifying the semantic processing-relevant tracts of the semantic hub
-----------------------------------------------------------------------

To explore how the semantic hub region works in concert with other regions for semantic processing, we investigated the general and modality-specific semantic tracts connecting to the semantic hub.

### Identifying the general semantic tracts of the semantic hub

Although the nodal degree value of the semantic hub significantly correlated with general semantic performance of the patients, it might not mean that each of the tracts connecting from the hub was associated with general semantic processing, because the nodal degree value of the hub reflected an overall summation effects of all, but not the individual, connected tracts. In this case, it remains unknown which connected tracts participated in general semantic processing. To address this issue, we computed the correlation between the integrity of each tract of the hub region and the semantic PCA scores across the 33 patients with semantic dementia (Bonferroni corrected *P \< *0.05, significant for at least one metric). Age, gender and educational level were factored out in the analyses.

To determine whether the effects of the observed general semantic tracts were driven by other potential confounding factors, partial correlation analyses were conducted again with the additional covariates: (i) total grey matter volume; (ii) grey matter volume of the hub region; (iii) grey matter volume of the other node; and (iv) *t*-scores of the three non-semantic control tasks.

### Identifying the modality-specific semantic tracts of the semantic hub

To identify the modality-specific semantic structural pathways of the semantic hub, we tested the correlation between the integrity of each tract of the hub region and *t*-scores of the 12 modality-specific semantic tasks in the patients (*P \< *0.005, significant for at least one metric). To eliminate the influence of demographic factors and general semantic deterioration, three demographic variables and the semantic PCA scores were introduced as covariates in all the analyses.

To validate the effects of the observed connections, the following potential confounding variables were controlled: (i) total grey matter volume; (ii) grey matter volume of the hub region; (iii) grey matter volume of the other node; and (iv) *t*-scores of the three non-semantic control tasks.

To explore whether the measures of the observed hub and white matter tracts could successfully predict the ability of semantic processing in the semantic dementia patients, we conducted a series of linear regression analyses, in which node/tract measure was treated as the independent variable, semantic index as the dependent variable, and demographic variables as covariates of non-interest ([Supplementary material](#sup1){ref-type="supplementary-material"}). The results of these regression analyses were highly convergent with those of correlation analyses ([Supplementary material](#sup1){ref-type="supplementary-material"}).

Data availability
-----------------

The data that support the findings of this study are available from the corresponding author, upon reasonable request.

Results
=======

Behavioural performance of participants
---------------------------------------

The participants' raw accuracies and the corrected *t*-scores on the behavioural tasks are shown in [Table 1](#awaa057-T1){ref-type="table"}. Compared with healthy controls, the semantic dementia group exhibited profound deficits in the general semantic tasks (*t*-values \< −3.5) and in all modality-specific semantic tasks (*t*-values \< −1.5), except the non-verbal motion verification task (*t* \> −0.5). By contrast, they performed normally on the three non-semantic control tasks (*t*-values \> −1). These results indicated that the patients presented selective disruptions of general and modality-specific semantic knowledge.

Three components were extracted from the PCA based on six general semantic tasks and three control tasks ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}). Component 1 accounted for 46% of the model variance, with six general semantic tasks having higher loading weights (0.64 to 0.94) and three control tasks having lower loading weights (−0.09 to 0.00). We thus labelled this component as the semantic processing component and derived scores for each patient's general semantic processing ability based on this component. Component 2 (accounting for 19% of model variance) and Component 3 (15% of model variance) were treated as perceptual and arithmetic components because of their respective heavier loading weight on the visual/sound perception tasks (0.79 to 0.80) and the number proximity matching task (0.94).

Cerebral atrophy of patients
----------------------------

[Figure 1](#awaa057-F1){ref-type="fig"} illustrates the comparison of the grey matter volume values between the patients with semantic dementia and healthy control subjects (FDR corrected *q *\<* *0.01). The patients showed the most severe atrophy in the bilateral ATLs, and the atrophy extended into the more posterior temporal lobes, insula and ventral frontal lobes.

![**Atrophy map of the semantic dementia patients.** The figure shows the areas with significant differences in grey matter volume between the semantic dementia patients and healthy control subjects (FDR-corrected *q *\<* *0.01).](awaa057f1){#awaa057-F1}

Semantic hub region
-------------------

[Figure 2](#awaa057-F2){ref-type="fig"} shows the white matter anatomical network of the healthy subjects, which contained 90 AAL regions and 457 effective tracts (voxel value \> 25% of subjects, cluster size \> 300 voxels). To identify the semantic hub region, we correlated the semantic PCA scores with the nodal degree value for each white matter integrity metric of each region across the 33 patients with semantic dementia, partialling out three demographic variables (age, gender and educational level). The results are displayed in [Fig. 3](#awaa057-F3){ref-type="fig"}. No region showed a significant effect under the fractional anisotropy metric. However, for the other three metrics (mean, axial and radial diffusivity), we consistently observed significant negative correlation effects in the left FFG (partial *r*-values \< −0.68, Bonferroni corrected *P*-values \< 0.005; [Fig. 3](#awaa057-F3){ref-type="fig"}). Furthermore, the correlations in the left FFG remained significant even when we additionally regressed out total grey matter volume (partial *r*-values \< −0.68, *P*-values \< 0.00005), grey matter volume of the left FFG (partial *r*-values \< −0.43, *P*-values \< 0.02) and the *t*-scores of the three control tasks (partial *r*-values \< −0.70, *P*-values \< 0.00005). These results suggest that the left FFG is a semantic hub region whose disconnection with other regions causes general semantic impairments in semantic dementia.

![**Whole-brain structural network.** A total of 457 tracts were successfully tracked between the 90 regions in 20 healthy subjects, resulting in a whole-brain anatomical network.](awaa057f2){#awaa057-F2}

![**The semantic hub region.** (**A**) The left FFG, which was connected with the left superior temporal pole (lTPOsup), hippocampus (lHIP), parahippocampal gyrus (lPHG), inferior temporal gyrus (lITG), middle temporal gyrus (lMTG), lingual gyrus (lLING), calcarine (lCAL), inferior occipital gyrus (lIOG), and middle occipital gyrus (lMOG), was the semantic hub region. (**B**) For three diffusivity metrics \[mean, axial and radial diffusivity (MD, AD and RD)\], the nodal degree values of the left FFG could significantly predict the semantic PCA scores of the patients (Bonferroni-corrected *P \< *0.005). However, this effect was not observed for the fractional anisotropy (FA) metric. \*\*\*Bonferroni-corrected *P \< *0.005.](awaa057f3){#awaa057-F3}

Semantic-relevant connectivity of the semantic hub
--------------------------------------------------

The left FFG in the network connected to nine regions in the temporal, occipital and limbic areas ([Fig. 3](#awaa057-F3){ref-type="fig"}). These regions were all located in the left hemisphere, including the left superior temporal pole, hippocampus, parahippocampal gyrus, inferior temporal gyrus, middle temporal gyrus, lingual gyrus, calcarine, inferior occipital gyrus, and middle occipital gyrus. Here, we further examined which of the nine white matter tracts contributed to general semantic processing or modality-specific semantic processing.

### General semantic-relevant connections of the semantic hub

To explore the general semantic connections of the semantic hub, we tested the correlation between the semantic PCA scores and the diffusion metrics (fractional anisotropy, and mean, axial and radial diffusivity) of each of the nine connections of the left FFG in 33 patients with semantic dementia. As illustrated in [Fig. 4](#awaa057-F4){ref-type="fig"}, we did not observe significant effects of any tract for the fractional anisotropy metric. However, we found that the integrity of all nine tracts correlated with semantic PCA scores for the other three metrics (partial *r*-values \< −0.56, Bonferroni corrected *P*-values \< 0.05) ([Table 2](#awaa057-T2){ref-type="table"} and [Fig. 4](#awaa057-F4){ref-type="fig"}).

![**The general semantic-relevant connections of the semantic hub.** Three diffusivity metrics \[mean, axial and radial diffusivity (MD, AD and RD)\] of the nine connections of the left fusiform significantly correlated with the semantic PCA scores in the semantic dementia patients (Bonferroni-corrected *P \< *0.05). However, no effect of any tract was found with the fractional anisotropy (FA) metric. lCAL = calcarine; lHIP = hippocampus; lIOG = inferior occipital gyrus; lITG = inferior temporal gyrus; lLING = lingual gyrus; IMOG = middle occipital gyrus; lMTG = middle temporal gyrus; lPHG = parahippocampal gyrus; lTPOsup = left superior temporal pole; STG = superior temporal gyrus.](awaa057f4){#awaa057-F4}

###### 

Correlations between the diffusion metric-values of the tracts and the semantic PCA scores in 33 patients with semantic dementia

  White matter connections                 Fractional anisotropy   Mean diffusivity   Axial diffusivity   Radial diffusivity                                                                                                
  ---------------------------------------- ----------------------- ------------------ ------------------- ------------------------------------------------ ------- ------------------------------------------------ ------- ------------------------------------------------
  Left FFG-left superior temporal pole     −0.12                   0.55               −0.63               0.0003[\*\*\*](#tblfn1){ref-type="table-fn"}     −0.64   0.0002[\*\*\*](#tblfn1){ref-type="table-fn"}     −0.61   0.0004[\*\*\*](#tblfn1){ref-type="table-fn"}
  Left FFG-left hippocampus                −0.02                   0.91               −0.64               0.0002[\*\*\*](#tblfn1){ref-type="table-fn"}     −0.65   0.0002[\*\*\*](#tblfn1){ref-type="table-fn"}     −0.63   0.0003[\*\*\*](#tblfn1){ref-type="table-fn"}
  Left FFG-left parahippocampal gyrus      0.07                    0.71               −0.74               0.000004[\*\*\*](#tblfn1){ref-type="table-fn"}   −0.74   0.000004[\*\*\*](#tblfn1){ref-type="table-fn"}   −0.74   0.000004[\*\*\*](#tblfn1){ref-type="table-fn"}
  Left FFG-left inferior temporal gyrus    −0.08                   0.70               −0.72               0.000007[\*\*\*](#tblfn1){ref-type="table-fn"}   −0.71   0.00002[\*\*\*](#tblfn1){ref-type="table-fn"}    −0.72   0.000008[\*\*\*](#tblfn1){ref-type="table-fn"}
  Left FFG-left middle temporal gyrus      −0.17                   0.39               −0.65               0.0002[\*\*\*](#tblfn1){ref-type="table-fn"}     −0.66   0.00007[\*\*\*](#tblfn1){ref-type="table-fn"}    −0.62   0.0003[\*\*\*](#tblfn1){ref-type="table-fn"}
  Left FFG-left lingual gyrus              −0.09                   0.64               −0.60               0.0006[\*\*\*](#tblfn1){ref-type="table-fn"}     −0.60   0.0005[\*\*\*](#tblfn1){ref-type="table-fn"}     −0.57   0.002[\*\*\*](#tblfn1){ref-type="table-fn"}
  Left FFG-left calcarine                  −0.19                   0.31               −0.59               0.0006[\*\*\*](#tblfn1){ref-type="table-fn"}     −0.60   0.0005[\*\*\*](#tblfn1){ref-type="table-fn"}     −0.56   0.002[\*\*\*](#tblfn1){ref-type="table-fn"}
  Left FFG-left inferior occipital gyrus   −0.11                   0.58               −0.64               0.0002[\*\*\*](#tblfn1){ref-type="table-fn"}     −0.66   0.00009[\*\*\*](#tblfn1){ref-type="table-fn"}    −0.61   0.0004[\*\*\*](#tblfn1){ref-type="table-fn"}
  Left FFG-left middle occipital gyrus     −0.15                   0.43               −0.68               0.00004[\*\*\*](#tblfn1){ref-type="table-fn"}    −0.67   0.00005[\*\*\*](#tblfn1){ref-type="table-fn"}    −0.66   0.00009[\*\*\*](#tblfn1){ref-type="table-fn"}

Bonferroni-corrected *P *\<* *0.05.

We observed nine general semantic connections connected with the left fusiform semantic hub. Here, we investigated whether the significant effects of the observed semantic tracts could be explained by the total grey matter volume or grey matter volume of the node regions and whether the effects were specific to semantic processing. The validation analyses obtained similar results across the three diffusivity metrics. We present only the results of the mean diffusivity metric for simplicity ([Table 3](#awaa057-T3){ref-type="table"}). The mean diffusivity of all tracts remained significantly correlated with the semantic PCA scores after partialling out the influence of age, gender, educational level and total grey matter volume (partial *r*-values \< −0.59, *P*-values \< 0.0008) and *t*-scores of the three non-semantic tasks (partial *r*-values \< −0.60, *P*-values \< 0.001). Most correlations remained after regressing out age, gender, educational level and grey matter volume of the left FFG or the other node (partial *r*-values \< −0.38, *P*-values \< 0.04), except that the effect of three tracts (left FFG-left calcarine, left FFG-left lingual gyrus and left FFG-left superior temporal pole) became weakened when controlling for grey matter volume of the left FFG or the left superior temporal pole (−0.35 \< *r*-values \< −0.28, 0.07 \< *P*-values \< 0.14).

###### 

Partial correlation results

                                           Variables                                                                                                                                                                       
  ---------------------------------------- ----------- ------------------------------------------------ ------- ------------------------------------------- ------- ---------------------------------------------- ------- ------------------------------------------------
  Left FFG-left superior temporal pole     −0.63       0.0003[\*\*\*](#tblfn3){ref-type="table-fn"}     −0.40   0.04[\*](#tblfn3){ref-type="table-fn"}      −0.29   0.13                                           −0.65   0.0003[\*\*\*](#tblfn3){ref-type="table-fn"}
  Left FFG-left hippocampus                −0.64       0.0002[\*\*\*](#tblfn3){ref-type="table-fn"}     −0.40   0.04[\*](#tblfn3){ref-type="table-fn"}      −0.51   0.005[\*\*](#tblfn3){ref-type="table-fn"}      −0.66   0.0002[\*\*\*](#tblfn3){ref-type="table-fn"}
  Left FFG-left parahippocampal gyrus      −0.74       0.000005[\*\*\*](#tblfn3){ref-type="table-fn"}   −0.54   0.003[\*\*](#tblfn3){ref-type="table-fn"}   −0.55   0.003[\*\*](#tblfn3){ref-type="table-fn"}      −0.77   0.000003[\*\*\*](#tblfn3){ref-type="table-fn"}
  Left FFG-left inferior temporal gyrus    −0.72       0.00001[\*\*\*](#tblfn3){ref-type="table-fn"}    −0.49   0.007[\*\*](#tblfn3){ref-type="table-fn"}   −0.51   0.005[\*\*](#tblfn3){ref-type="table-fn"}      −0.75   0.000007[\*\*\*](#tblfn3){ref-type="table-fn"}
  Left FFG-left middle temporal gyrus      −0.65       0.0002[\*\*\*](#tblfn3){ref-type="table-fn"}     −0.40   0.04[\*](#tblfn3){ref-type="table-fn"}      −0.50   0.006[\*\*](#tblfn3){ref-type="table-fn"}      −0.66   0.0002[\*\*\*](#tblfn3){ref-type="table-fn"}
  Left FFG-left lingual gyrus              −0.60       0.0006[\*\*\*](#tblfn3){ref-type="table-fn"}     −0.28   0.14                                        −0.56   0.002[\*\*](#tblfn3){ref-type="table-fn"}      −0.61   0.0008[\*\*\*](#tblfn3){ref-type="table-fn"}
  Left FFG-left calcarine                  −0.59       0.0008[\*\*\*](#tblfn3){ref-type="table-fn"}     −0.35   0.07                                        −0.58   0.001[\*\*\*](#tblfn3){ref-type="table-fn"}    −0.60   0.001[\*\*\*](#tblfn3){ref-type="table-fn"}
  Left FFG-left inferior occipital gyrus   −0.63       0.0003[\*\*\*](#tblfn3){ref-type="table-fn"}     −0.38   0.04[\*](#tblfn3){ref-type="table-fn"}      −0.58   0.001[\*\*\*](#tblfn3){ref-type="table-fn"}    −0.67   0.0002[\*\*\*](#tblfn3){ref-type="table-fn"}
  Left FFG-left middle occipital gyrus     −0.68       0.00006[\*\*\*](#tblfn3){ref-type="table-fn"}    −0.44   0.02[\*](#tblfn3){ref-type="table-fn"}      −0.65   0.0002[\*\*\*](#tblfn3){ref-type="table-fn"}   −0.70   0.00005[\*\*\*](#tblfn3){ref-type="table-fn"}

Partial correlation between the mean diffusivity of the tracts and the semantic PCA scores in the semantic dementia patients after additionally controlling for potential confounding factors (total grey matter volume, grey matter volume of the left fusiform, grey matter volume of the other node, and scores of the three non-semantic tasks).

*P *\<* *0.05, \*\**P *\<* *0.01, \*\*\**P *\<* *0.001.

### Modality-specific semantic connections of the semantic hub

To explore the modality-specific semantic connections, we correlated the diffusion measures of each of the nine tracts of the left FFG with the behavioural scores of the 12 tasks covering six semantic modalities, co-varying age, gender, educational level and semantic PCA scores. The analysis revealed that only the axial diffusivity value of the left FFG-left calcarine tract correlated significantly (*P \< *0.005) with the scores of the colour matching task (axial diffusivity: partial *r* = −0.56, *P *=* *0.002; mean diffusivity: partial *r* = −0.50, *P *=* *0.006; radial diffusivity: partial *r* = −0.43, *P *=* *0.02; fractional anisotropy: partial *r* = −0.14, *P *=* *0.46) ([Fig. 5](#awaa057-F5){ref-type="fig"}). The effect of this tract held even when introducing more covariates: total grey matter volume (partial *r* = −0.57, *P *=* *0.002), grey matter volume of the left FFG (partial *r* = −0.56, *P *=* *0.002), grey matter volume of the left calcarine (partial *r* = −0.56, *P *=* *0.002), or scores of three non-semantic tasks (partial *r* = −0.65, *P *=* *0.0004).

![**The colour modality-specific semantic-relevant connections of the semantic hub.** The axial diffusivity (AD) of the connection between the left FFG and left calcarine significantly correlated with the colour matching scores in semantic dementia patients (*P \< *0.005). No effect of any tract was found with the other three metrics or with other modality-specific semantic tasks. FA = fractional anisotropy; lCAL = calcarine; lHIP = hippocampus; lIOG = inferior occipital gyrus; lITG = inferior temporal gyrus; lLING = lingual gyrus; IMOG = middle occipital gyrus; lMTG = middle temporal gyrus; lPHG = parahippocampal gyrus; lTPOsup = left superior temporal pole; MD = mean diffusivity; RD = radial diffusivity; STG = superior temporal gyrus.](awaa057f5){#awaa057-F5}

Discussion
==========

Using diffusion-weighted data and semantic behavioural data from 33 patients with semantic dementia, we investigated the semantic hub and semantic connections between the hub and modality-specific regions in the semantic network. We found that the left FFG was the semantic hub as its structural connectivity strength, measured by nodal degree values in the whole brain network, could predict general semantic processing of the patients. This region functions together with nine other regions (the left superior temporal pole, hippocampus, parahippocampal gyrus, inferior temporal gyrus, middle temporal gyrus, lingual gyrus, calcarine, inferior occipital gyrus and middle occipital gyrus) in the semantic memory network. The structural connectivity between the left FFG and these regions correlated significantly with the patients' general semantic performance. Moreover, the connection between the hub and the left calcarine was involved in colour knowledge processing because the structural connectivity between the left FFG and calcarine could predict colour modality-specific semantic deficits. Our findings provide new supportive evidence for the hub-and-spoke theory of the semantic system from a network perspective.

The semantic hub: the left fusiform gyrus
-----------------------------------------

As a semantic hub, the left FFG plays a core role in binding the information from the distributed modality-specific regions. We found that the disconnection of the hub could cause general semantic deficits in semantic dementia. This replicates the findings of the literature, which also identified the critical role of the left FFG in semantic processing. For example, distortion-corrected functional MRI studies consistently observed activation of this region when healthy subjects performed semantic tasks ([@awaa057-B10]; [@awaa057-B69]; [@awaa057-B70]; [@awaa057-B58]). Moreover, studies with multivariate pattern analysis also discovered that the left FFG could encode information of semantic categories across verbal and non-verbal modalities (e.g. [@awaa057-B24]). Other studies on semantic dementia have also revealed that both metabolism and atrophy of the FFG were associated with semantic processing in semantic dementia ([@awaa057-B15]; [@awaa057-B52]). However, these neuroimaging and neuropsychological studies only considered the effects of the FFG as a local region, and did not directly clarify the pivotal role of this region in combining multimodal information within the semantic network. The present study revealed the significant correlation between the nodal degree of the left FFG and semantic behaviour in patients with semantic dementia, thus providing supportive evidence for the function of the left FFG in binding information from various brain regions.

It is worth noting that the anterior portion of the FFG is a homologue of the perirhinal cortex in animals ([@awaa057-B39]; [@awaa057-B52]). Studies have uncovered that monkeys with selective perirhinal cortex lesions showed impairments in discriminating complex objects but not simple features such as colour, shape and size ([@awaa057-B12]; [@awaa057-B13], [@awaa057-B14]). This indicates the critical role this region plays in the representations of complex conjunctions of features, which is also analogous to the function of semantic hub in the human brain ([@awaa057-B64]).

In the current study, the semantic hub was observed in unilateral but not bilateral ATLs. This is inconsistent with the hub-and-spoke theory which speculates a bilateral hub representation ([@awaa057-B52]; [@awaa057-B58]; [@awaa057-B43]). The null results of the right ATL in our study might be due to the following reasons. First, it came from insensitive non-verbal semantic measures. Although, bilateral ATLs are involved in semantic processing, the left ATL is more involved in verbal tasks, while the right ATL is more involved in non-verbal tasks ([@awaa057-B52]; [@awaa057-B28]; [@awaa057-B58]). As our semantic dementia patients were less impaired in non-verbal tasks than in verbal tasks ([@awaa057-B11] and see the *t*-scores in [Table 1](#awaa057-T1){ref-type="table"}), the neural correlates of the non-verbal component (i.e. the right ATL) became difficult to be detected. Second, the right ATL is mainly responsible for abstract semantic processing ([@awaa057-B58][@awaa057-B58],[@awaa057-B59]). The stimuli of the current study only included concrete objects, leading to null effects of the right ATL. Finally, the right ATL might be a local semantic region. Given that our study adopted a network perspective to investigate the semantic function of brain regions, the right ATL was not revealed.

Note that semantic disorders could also be observed in patients at the early stages of semantic dementia who exhibited only obvious temporal pole atrophy, and in healthy subjects whose temporal pole regions were temporarily disrupted with repetitive transcranial magnetic stimulation ([@awaa057-B56]; [@awaa057-B44]; [@awaa057-B19]). However, the critical role of the temporal pole in semantic processing was not observed in the current study. This might be due to the following reasons. First, the temporal pole might also be a semantic hub, but may play a different role from the FFG in semantic processing. The temporal pole might be a hub for specific-level semantic knowledge ([@awaa057-B32]; [@awaa057-B22]; [@awaa057-B18]), while the FFG is a hub for basic-level semantic knowledge ([@awaa057-B10]; [@awaa057-B52]). The evidence is mainly derived from the fact that the temporal pole is associated with unique entities naming in healthy subjects and in patients ([@awaa057-B32]; [@awaa057-B22]; [@awaa057-B56]; [@awaa057-B65]). Because our semantic tasks only tested the effects of semantic knowledge at a general level, the role of the temporal pole was not discovered. Second, the temporal pole might be a semantic hub, and may have a similar role to the FFG. The hub role of this region was not revealed because of the floor effects of its severe atrophy in our patients. Finally, the temporal pole might not be a semantic hub. When the temporal pole shows visible atrophy, the FFG might also have been damaged in semantic dementia. The damage of the FFG might cause the patients' semantic impairments. Similarly, repetitive transcranial magnetic stimulation over the temporal pole might also inhibit the function of the FFG because the two brain regions are anatomically close.

Semantic connectivity of the hub region
---------------------------------------

White matter tractography results revealed that the left FFG was linked with the temporal area (superior temporal pole, inferior temporal gyrus, and middle temporal gyrus), limbic area (hippocampus, parahippocampal gyrus), and occipital area (lingual gyrus, calcarine, inferior occipital gyrus, middle occipital gyrus) with white matter connections. This is consistent with previous studies ([@awaa057-B3]; [@awaa057-B73]; [@awaa057-B34]) that also identified white matter connectivity between these areas.

Prior studies have shown that these connections are damaged in semantic dementia ([@awaa057-B3]). However, it could not be concluded whether those connections had a semantic function or the damage was just a by-product of the disease. This study further revealed that all the connections were associated with semantic impairments in the patients with semantic dementia. We postulate that the distributed regions play different roles in the semantic system. The temporal pole might store concepts of unique entities such as famous people or buildings ([@awaa057-B56]; [@awaa057-B18]; [@awaa057-B53]). The medial temporal lobe limbic system, including the hippocampus and parahippocampal gyrus, acts as a memory-based stimulation system and re-enacts the modality-specific regions during concept retrieval ([@awaa057-B8]; [@awaa057-B61]; [@awaa057-B72]). Other temporal and occipital regions represent modality-specific knowledge, such as object form and colour.

Of all these connections, the left FFG-left calcarine was observed to devote to the processing of colour-specific knowledge in this study. The left calcarine has been confirmed to subserve colour processing. One of the most compelling pieces of evidence comes from a case study by [@awaa057-B51]. They found that Patient I.O.C., who had lesions in the left calcarine, had intact colour recognition but impaired retrieval of colour knowledge. Our study further revealed that the fibre bundle between the calcarine and the semantic hub was important for colour knowledge processing. This study also elucidated the white matter basis for the colour-specific deficits of semantic dementia, which has been behaviourally observed in the literature ([@awaa057-B37]).

Limitations
-----------

This study has at least the following limitations. First, the cerebral atrophy of our patient sample only covered certain brain areas, and the remaining areas were not examined. Second, the intensity artefacts of the ATL and adjacent orbitofrontal cortex were not well controlled. Future research might use multi-shot methods, parallel imaging, or field-map-based techniques to improve imaging sensitivity of these regions ([@awaa057-B41]; [@awaa057-B33]; [@awaa057-B38]). Third, the number of diffusion weighting directions was relatively low, and as a result, the accuracy of the obtained tracts might not be optimal. More gradient directions (\>60), in addition to more complex acquisition profiles (e.g. HARDI; [@awaa057-B66]), are required in future studies. Finally, the effects of the left FFG could only be observed under three diffusivity metrics and not under fractional anisotropy. This might be because the fractional anisotropy metric is not a sensitive measurement in revealing white matter damage in neurodegenerative disorders such as semantic dementia (e.g. [@awaa057-B4], [@awaa057-B3]). This needs to be elucidated in future research.

Conclusions
===========

By investigating the relationship between general and modality-specific semantic performance and nodal degree of the regions and diffusion metrics of the connections in semantic dementia, we identified the semantic hub and semantic connections within the hub-and-spoke semantic network. The left FFG is the hub of the network. This region works together with nine regions for general semantic processing and functions with the left calcarine for colour modality-specific semantic processing. These results provide new evidence for the organization of semantic memory on the basis of the semantic dementia lesion model, thereby deepening our understanding of the neuroanatomical network of semantic processing.
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Click here for additional data file.

We would like to thank our anonymous reviewers for thoughtful comments on the manuscript, Yanchao Bi for elaborate design of behavioural tasks, Gaolang Gong, Yuxing Fang and Mingyang Li for optimization of imaging methodology, Yuhan Lu and Anqi Dai for help with English editing. We are also grateful to all research participants.

Funding
=======

This work was supported by the National Key Research and Development Program of China (2016YFC1306305; 2018YFC1315200), the National Natural Science Foundation of China (31872785; 81972144; 81171019), and the Beijing Natural Science Foundation (7182088).

Competing interests
===================

The authors report no competing interests.

ATL =

:   anterior temporal lobe

FFG =

:   fusiform gyrus

PCA =

:   principal component analysis

[^1]: Yan Chen and Lin Huang contributed equally to this work.
